Abstract. The paper focuses on insulation and stress of TBCs on a multilayer-coated blade considering ununiform temperature field. First the ununiform temperature field of TBCs was conducted by thermal-flow couple method. Then the thermal cycle residual stresses were modeled by holding the uniform temperature in the dwell step. It is found that the blade benefited more in substrate average temperature than the maximum temperature with top coating (TC) thickening, but the thickness of TC can only slightly affect the temperature fluctuation on TBCs surface. However, thickening TC produced higher normal stresses near the interface around the blade. It suggests that TBCs may suffers delamination near the interface due to residual stresses with TC thickening.
Introduction
Thermal barrier coatings (TBCs) have been widely used to protect the hot components of the gas turbine [1, 2] . It normally has four layers including top coating (TC), thermal grown oxide (TGO), bond coating (BC), and substrate (SUB). Differences of material properties, TGO growing at elevated temperature, and harsh environment in serving, are considered as the main reasons for residual stresses and failure [3] [4] [5] [6] .Numerical method has been utilized frequently to discuss TBCs stresses based on finite element method. Freborg et al. [7] examined the stresses induced by BC oxidation. Hsueh and Fuller [8] investigated the interfacial asperity effects on residual stresses. Ranjbar-far et al. [9, 10] developed a model considering the non-homogeneous temperature to assess the stresses and failure. Further, Ranjbar-far et al. [11, 12] and Bä ker and Rösler [13, 14] used debond technology to simulate the interfacial crack behavior. Bialas et al. [15] , Yang et al. [16] and Zhu et al. [17] used cohesive model zone at the interface to model delamination of TBCs.
However, the computational models of previous literatures based on periodic unit can't cover the whole blade geometry and the corresponding working conditions. Our objective is to build a cascade computational model with multilayered blade. Then the ununiform temperature field was modelled by thermal-flow couple. Finally, the temperature results are used as the holding temperature field in dwell step of the thermal cycle, and the residual stresses are simulated by finite element method.
Model and method
Aerodynamic cascade flow model and the stator blade originated from Hylton et al. [18] . The blade has a constant cross section and ten coolant passages (marked with Arabic numerial 1-10 in Fig. 1 ). In the paper, three layers (TC, TGO, BC) were divided from the outer surface. The thickness of BC and TGO are 150 μm and 10 μm, respectively. The thickness of TC (hTC) varies from 100 μm to 300 μm. The aerodynamic boundary conditions were kept consistent with the experiment (run number 42) [18] ; the boundaries of inner coolant passages were listed in [19] . But for exploring the coatings behavior of the blade that enduring elevated temperature, the main flow inlet temperature (Tin) was modified to 1300 °C. Adopt ideal gas assumption and mesh the fluid and solid domain in a uniform frame, keeping the grids across interface node to node align, as shown in Fig 1. To resolve the viscous boundary layer, Y plus value (y+) of the grids adjacent to the solid wall was less than 1. Mesh independence was done and a steady analysis was carried out using shear stress transport turbulence model considering boundary transition in CFX code. The conduction between hot gas and TBCs was calculated by conjugate heat transfer (CHT) method, based on the conversation of energy. The interface asperity is assumed perfect and no contact thermal resistance. The properties of the layers were temperature dependent, as listed in Table 2 . Fig. 1 The total model and local mesh Table 1 Boundary conditions of the ten coolants [19] As negligible solid deformation, sequential thermal stress couple can be done in the global model. The finite element model was corresponding to the multilayered blade. Considering constant cross section of the blade, plane strain behavior was applied at the mid-span section. The CPE4R element and Newton iterative method were used to simulations by automatic time increment. The preheated temperature was assumed to be 200 °C, at which the blade was stress-free. The thermal history lasted 50 cycles. As shown in Fig. 2 , one thermal cycle included three phases: first, heating from 25 °C to the steady working state in 300 s; second, standing the working state for 7200 s; third, cooling to 25 °C in 300 s. The temperature field at the steady working state was imported from heat-flow couple. For the convenience of discussion, the local orientation systems were created. The local 1-direction and 2-direction represented the parallel and normal direction of the interface, respectively.
Results and discussion

Temperature of TBCs
The total insulation effects of TBCs were characterized by the SUB temperature. As shown in Fig.  2 , under serving conditions SUB experienced non-homogeneous temperature distribution in each case; the lowest temperature zone was at the head between the cooling passages 2 and 3; the highest temperature zone was at the tail; and distinctly the suction side was hotter than the pressure side. With hTC increasing, the hotter area at the head, suction side and the tail was reduced gradually. As shown in Fig.3 , the average temperature of the surface increases with the hTC thickening. The temperature deviation (D) of TC surface was defined as the formula, (Tsur-Tave,sur)/Tave,sur*100%, where Tsur is the point temperature of the surface. There is an evident temperature fluctuation on TC surface in each case shown in Fig. 4 . The negative value of D was about at the pressure side P1-P12, in where the peak value reached nearly -30% at P8; the positive value of D was about at the whole tail and the suction side S2-S15, in where the peak value reached nearly 40% at T1. So it can be infer that prescribing the isothermal condition on the coatings surface in calculating stresses during thermal cycles is likely to bring error. The temperature decline (ΔT) from TBCs surface to the 460 μm depth was shown in Fig. 5 . There is a non-homogeneous distribution of ΔT around the blade. ΔT was higher at the suction side and the head than that at the pressure side and the tail. As mentioned above, both the suction side and the tail are the hotter area. But we can infer that thickening TC at the suction side may gain more remarkable hot-resistant than at the tail. With hTC rising, ΔT grew more at the suction side and the head than that at the pressure side and the tail. As hTC rising from 100 to 200 μm ΔT added slightly more than the case rising from 200 to 300 μm. The maximum growth of ΔT was 46.9 ℃ and 39.8 ℃ at S6 for the rising from 100 to 200 μm and 200 to 300 μm, respectively. Clearly hTC exhibited notable influence on ΔT, but the influence is not consistent at different parts of blade.
Average Stresses of TC 3.2.1 Hoop stress of TC
As shown in Fig. 6 , hoop stress (S11) gradually grew up from the interface to the surface at the head and the tail except the case hTC=100 μm at the tail (Fig. 6(a) ). It seems no vertical crack will emerge at the tail for the compressive stresses. The potential dangerous zone was at H0, where S11 reached near 10.0 MPa as hTC=300 μm (Fig. 6(c) ). As shown in Fig. 7 , the even point P2-P8 and the odd point P1 at the pressure side experienced tensile stresses with thickness increasing and the value of S11 grew close to 10 MPa as hTC rising to 300 μm. These points may be the latent dangerous zones for vertical crack. However, P0 was the failure zone for vertical crack, at where S11 growing TC thickening and more than the critical stress. As shown in Fig. 8 , S11 was compressive except S0 at the suction side. As TC thickening, S11 had a growth, but the value was less than the critical stress. The potential dangerous zone for vertical crack was at S0, where the value was close to the critical stress. Thus, P0 was the failure zone in any case; H0, S0, P1, and the even points P2-P8 were the potential dangerous zones, at where vertical crack may be occur as further thickening of TC. 
Normal stress of TC
As hTC=100 μm the delamination may be not happened at any part for the compressive normal stresses (S22), shown in Figs. 9(a), Figs. 10(a) , and Figs. 11(a). As shown in Fig. 9, Fig. 10 , and Fig. 11 , as hTC rising, normal stresses near the interface converted to tensile and grew to a dangerous value that near or over the critical stress at all monitoring points; and at each monitoring point, S22 dropped down to zero from the interface to surface. It supports that the delamination may preferably occur adjacent to the interface as TC thickening. The normal stresses at the tail and head was relatively higher than that at the pressure side and suction side. The failure zone emerged at T0 as hTC=200 μm (Fig. 9(b) ) and at T0 and T2 as hTC=300 μm (Fig. 9(c) ). These results prove that the thickening of TC affects the normal stresses universally and indicate that the tail appear the delamination firstly. Fig. 9, Fig. 10 , and Fig. 11 show that the normal stress level near the interface was higher than the hoop stress, compared to Figs. 6-Figs. 8. It implies that delamination is the main failure mode adjacent to the interface. 
Conclusion
The paper studies the TBCs insulation effects and residual stresses distribution, considering the working conditions of actual turbine blade. First the coupling of heat transfer and gas flow method was used for getting the actual TBCs temperature field. Then the sequential thermal stress coupling was applied for assessing the average stresses and failure zones in the global model. With hTC increasing, the hotter area was reduced gradually. A temperature fluctuation was evident on TC surface. But thickening of TC can only affect the temperature fluctuation slightly. A nonhomogeneous distribution of ΔT was around the blade. The stress level near the interface of the TC/TGO is slightly growing with TC thickening around the vane. The potential failure zone for vertical crack was at P0 whether TC is thick or not; the potential dangerous zones were at H0, S0, P1, and the even points P2-P8, at where vertical crack may be occur as further thickening of TC.
